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The herpesviruses are among the largest and most 
complex of all DNA viruses, and their genomes display 
an astonishing diversity in size, structure, and organi­
zation. In 1974, the features of large inverted repeats 
and structural isomerization were first discovered, and 
these proved to be characteristic properties of many 
herpesvirus genomes. Since then, research using the 
powerful techniques of modern molecular biology has 
revealed a great deal of comparative structural infor­
mation about the arrangement of repetitive sequences 
and the location, structure, and primary nucleotide se­
quences of the genes for several easily assayed or abun­
dantly expressed gene products. Extensive restriction 
enzyme cleavage maps and complete sets of cloned DNA 
fragments have been constructed for each of the five 
human herpesviruses, HSV-1, HSV-2, CMV, EBV, and 
VZV, and the entire 175,OOO-bp nucleotide sequence of 
EBV DNA has been determined. Based on these maps 
and reagents, the procedures of "DNA fingerprinting" 
and "dot hybridization" are proving useful at a clinical 
level for characterization of isolates and studying her­
pesvirus epidemiology. Strain differences, localized het­
erogeneity, tandem-repeat-defective genomes, and sites 
of cell-virus DN A homology have been described in some 
detail. The attention of basic researchers is now turning 
to equating structure with function, and rapid progress 
is expected in studies aimed at a better understanding 
of the mechanisms of viral DNA replication, mainte­
nance of the latent state, reactivation, transformation, 
packaging, and regulation of the lytic cycle, etc using 
cloned functionally active DNA fragments, isolated in­
tact genes and promoters, and DNA transfection and in 
vitro expression systems. 
The herpesviruses appear to be an ancient group of viruses 
that have evolved in intimate association with their host species 
throughout vertebrate evolution. Viruses fitting the morpho­
logic description of herpesviruses have even been found in 
oysters and fungi . Despite the universality of herpesvirus capsid 
and envelope morphology, the typical presence of nuclear in­
clusion bodies in infected cells, and the propensity to establish 
latent and recurrent infections, the genomes of these viruses 
have undergone rather spectacular sequence and structural 
divergence among the different mammalian subgroups. Al­
t hough five herpesviruses infect humans, it seems best to 
consider that there are three major groups of herpesviruses in 
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modern primates (and possibly also among all  mammalian 
isolates) . These are represented by the herpes simplex virus/ 
varicella-zoster virus group, the Epstein-Barr virus/Herpesvi ­
rus saimiri group, and the cytomegaloviruses. This c lassifica­
tion is based primarily on genome size and structure consider­
ations as well as on DNA homology, but it is equally valid from 
a biological standpoint. 
Herpesvirus genomes, as isolated from purified virions, are 
all composed of linear double-stranded DNA. The first approx­
imately correct size estimate of 100 million daltons was ob­
tained for herpes simplex virus DNA by Becker et al [ 1] .  Since 
then, we have come to realize that not only are they among the 
largest of all DNA virus genomes, but that they often also 
contain complex arrangements of duplicated, inverted, and 
tandemly repeated sequences. The overall structural organiza­
tion of the DNA molecules from the five human herpesviruses 
are depicted in summary form in Fig 1 .  The sizes of individual 
infectious molecules range from 1 25 ,000 bp for varicella-zoster 
virus (VZV) to nearly twice that size at 240,000 bp for human 
cytomegalovirus (HCMV) . Instead of being simple,  linear, 
unique DNA sequences, each genome possesses a characteristic 
pattern of interspersed, repeated regions or segments whose 
arrangement is depicted in the diagram. Open bars refer to 
repeated regions, with the arrows indicating the relative ori­
entations of either direct or inverted copies of the repeats as 
well as of the unique sequence stretches between them. The 
structures of the genomes of each major herpesvirus subgroup 
will be discussed in detai l  below. Among non mammalian her­
pesviruses, the genomes appear to be smaller and simpler in 
amphibians and fishes, but similar to that of HSV in birds. For 
example, the channel catfish virus (CCV) and the Lucke frog 
tumor virus (LHV) both possess linear DNA molecules of 120 
kb in size with large direct terminal repeats but no other known 
unusual features ( [2 ]  and A Granoff, personal communication ) .  
Much of  the older unpublished HSV and  CMV work from 
this laboratory that is described here was first present.ed at 
various Annual Cold Spring Harbor and International Herpes­
virus Meetings ( see Abstracts, 1976, 1977,  1978, 1 979, 1980) , 
but these will not be referred to specifically in the text. 
THE HERPES SIMPLEX VIRUS AND V ARICELLA­
ZOSTER VIRUS GROUP 
As Sheldrick and Berthelot [3] first reported, as much as 
10% of the HSV genome is represented twice in each virion 
DNA molecule. Two large internal duplications  of herpes sim­
plex virus (HSV) DNA sequences were observed by electron 
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FIG l. Diagram summarizing the relative sizes and major structural 
features of the five human herpesvirus DNA molecules: VZV (varicella­
zoster virus) , HSV-l and HSV -2 (herpes simplex virus subtypes 1 and 
2) ,  EBV (Epstein-Barr Virus ) ,  and CMV (cytomegalovirus ) .  Open bars 
denote duplicated or tandemly repeated regions. Arrows indicate rela­
tive orientations of either the repeated regions or the unique sequences 
between them. UI., unique sequence portion of the L (or  long) segment. 
Us, unique sequence port ion of the 5 (or  short) segment. IR, internal 
3070-bp repeats in EBV. 
microscopy as dumbbell-shaped stem-loop structures formed 
after self-annealing of single-stranded denatured DNA. They 
also predicted that different molecules may contain different 
orientations of the unique sequences lying between pairs of 
inverted repeats. Further electron microscopy studies, together 
with restriction endonuclease quantitation and mapping analy­
sis of purified virion DNA, confirmed these predictions and 
revealed further details of the genome organization, as sum­
marized in Fig 1. The structure consists of a long 72% segment 
(L) that is bounded by 9-kb inverted repeats and fused to an 
adjacent short 18% segment (S) bounded by 6-kb inverted 
repeats. The DNA molecules found in virions usually consist 
of an equimolar mixture of all four possible isomeric forms with 
each L and S segment in either the backward or forward 
orientation [4-9]. In addition to the inverted repeats, HSV 
DNA contains a direct terminal redundancy of approximately 
400 bp that was revealed initially by formation of circular forms 
after self-annealing of HSV DNA molecules that had been 
digested at the ends with exonuclease III enzyme [ 10, 11] . This 
portion of the genome is also present between the internal 
inverted repeats and is frequently referred to as the a sequence 
(where band e refer to the nonshared portions of the Land S 
segment inverted repeats, respectively ) .  
As a consequence of  the  Land S segment inversions, cleavage 
of both HSV-l and HSV-2 DNA with several restriction en­
zymes (e.g. ,  those which have recognition sequences present 
relatively infrequently in large G+C-rich DNA molecules) give 
rise to complex fragment patterns consisting of mixtures of 
molar, half-molar, and quarter-molar fragments [5 ,6] . For ex­
ample, BglII, HindIIl, and XbaI digest all yield four half-molar 
species representing the four possible terminal fragments and 
four quarter-molar species representing the internal junctions 
of the Land S segments from each of the four isomers. Figure 
2, A shows the c lassical BglII and HindIII fragment patterns 
from HSV -l (MP) after size fractionation on agarose gels. En­
zymes that cleave within either one or the other of the Lor S 
segment inverted repeats but not both (e .g . ,  BeaRI and HpaI 
for HSV -1) or which do not cleave at all in the entire S segment 
(e .g. ,  XbaI in HSV -1 and HpaI in HSV -2) yield simpler patterns 
with only two half-molar terminal species and two half-molar 
internal joint fragments. More commonly, enzymes that have 
numerous recognition sites and cleave within both the Land S 
segment inverted repeats (e.g. ,  BamHI, Sail, and PstI) give rise 
to patterns devoid of the sub molar species related to inversions. 
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However, as described later and illustrated with BamHI for 
HSV-l(MP) ( Fig 2, B), other forms of heterogeneity then 
become apparent. 
The DNA molecules from equine abortion virus initially (P. 
Sheldrick, personal communication) and later those from pseu­
dorabies virus [12 ]  and varicella-zoster virus [ 13] were observed 
by electron microscopy to possess only one set of inverted 
repeats (around the S segment) . Again, restriction enzyme 
mapping proved that the S segments of these genomes invert, 
but that in these cases the L segment does not invert [ 13, 14 ] .  
These genomes, and especially VZV (Fig 1) , are  considerably 
smaller than HSV DNA (by 10-20% ) ,  but are nevertheless 
closely related to it in both structure and sequence .  The two 
subgroups differ only by a permutation in the location of the 
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FIG 2. Sets of submolar fragments and examples of terminal heter­
ogeneity displayed in restriction enzyme cleavage patterns from HSV-
1 DNA A, HindIII  and Bglil digests of H SV- 1 (MP)  DNA after electro­
phoresis through 0 .35% agmose gels followed by staining with ethidium 
bromide and photography under incident UV lighting. Equilibrated L 
and S segment inversions among the DNA molecules packaged into 
virions generate typical sets of four half-molar and four quarter-molar 
fragments with enzymes that do not cleave within the inverted repeat 
region . Migration proceeded from left to right. The fastest migrating 
(i.e., largest) fragments are nearly 30 kbp in size. B, BamHI digest of 
HSV -l(MP)  DNA after electrophoresis of :l2P-labeled DNA through 
0.5% agarose gels fol lowed by drying of the gel and exposure to x-ray 
film for autoradiography. All fragments containing portions of the 
terminal repeat regions are indicated. Note that BamHI cleaves within 
both the L- and 5-segment repeats and therefore does not yield sub­
molar fragments. BamHI C and E are partly homologous and encom­
pass the two different unique/repeat boundaries within the L segment. 
BamHI Y is a two-molar species representing two identical internal 5-
repeat fragments from each DNA molecule ( see Fig 12 for complete 
RamHI map of the prototype orientations of L and 5 ) .  BamHI Q 
represents both identical L-segment termini. BamHI J contains iden­
tical L/S-segment junction fragments from all four isomers but is 
heterogeneous in that some molecules contain one or more extra copies 
of the 400-bp a sequence. BamHI M and X represent the two partially 
homologous but different sequences covering the unique/repeat bound­
aries of the 5 segment. BamHI R represents both identical 5-segment 
termini ,  but again, some molecules contain additional copies of the a 
sequence at the termini .  
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site for termination or maturation of linear monomers from the 
fast-sedimenting replicative forms (whether "concatemers" or 
network "catenates") . In HSV, the terminal sequence lies inside 
the inverted repetition,  and in the others it lies  close to or at 
the inverted repeat/unique sequence boundary on one side of 
the L segment. In other words, if both the HSV and EA V /VZV 
genome forms are drawn as circles, they would each appear to 
contain single, large, inverted repetitions surrounding the small 
invertible S unique region. 
Probably the majority of herpesvirus genomes fit into this 
first grouping. Bovine mammillitis virus (BMV) and even Ma­
rek's disease herpesvirus (MDHV) of chickens resemble HSV 
[15,16), whereas pseudorabies virus ( PRV) [ 17 ), infectious bo­
vine rhinotracheitis virus ( IBRV) ,  equine herpesvirus 3 (EHV-
3), bovine herpesvirus 1 (BHV-1) , and a herpesvirus from 
kangaroos al l  resemble EA V and VZV. Additional evidence that 
HSV, BMV, EAV, PRV, and VZV are all closely related and 
represent a single group comes from DNA hybridization studies. 
Indeed particular orientations of their L segments can be de­
termined to be equivalent to one another. All these viruses, of 
course, share a tendency to establish latency in neurons, and 
in many cases, they typically form recurrent lesions in moist, 
external, epithelial tissue. The most highly conserved region 
occurs around the major DNA-binding protein gene and the 
oriL replication origin locus at map coordinates 0.4 in the L 
segment of HSV. Cloned HSV-1 DNA probes from this region 
form hybrids with HSV-2,  BMV, EAV, PRV, and even Herpes­
virus tupaia (from tree shrews) ,  with the homology decreasing 
in intensity in the order given. Subsequent hybridization stud­
ies have shown that the L segments of HSV, EAV, PRV, and 
VZV genomes have probably undergone only slight rearrange­
ments in gene order and that the fixed orientations of the EAV, 
PRV, and VZV genomes all correspond to one another and to 
the IL orientation rather than the P (or prototype) orientation 
of HSV-1 and HSV-2 [18,19] . 
At the end of 1983, approximately 25% of the HSV-1 genome 
had been sequenced (D McGeoch and J Subak -Sharpe, personal 
communication) ,  and the entire S segment of VZV had also 
been sequenced (A Davidson, personal communication) .  Com­
parison of  the evolutionary drift of  the  S segment sequences 
reveals both a large shift in the relative location of the S repeats 
and a patchwork pattern of retention of closely equivalent genes 
combined with total losses  of other genes in VZV (or gains in 
HSV) . HSV and VZV, of course, represent extremes in terms 
of cell association and host or tissue specificity: Mature HSV 
particles are generally shed abundantly and stably into cell 
culture media, and the virus grows permissively in all but a 
very small number of human or animal cell l ines, whereas VZV 
is rarely released into the medium in cell  culture, and only 
human diploid fibroblasts support growth and replication of 
the virus in culture. The VZV genome also has an overall base 
composition of only 46% G+C content compared with 68% for 
HSV and approximately 72% for PRV. 
Note that isolated loci of strong homology between different 
herpesvirus genomes do not necessarily imply evolutionary 
conservation of coding region sequences .  At least one such 
hybridization "hot spot," within the S repeats of HSV-2 and 
EAV, almost certainly represents chance homology within 
short, tandemly repeated and G+C-rich sequences of the kind  
also associated with cell-virus DNA homology (see below) .  
THE EPSTEIN-BARR VIRUS AND HERPESVIRUS 
SAIMIRI GROUP 
These two viruses are typically thought of as lymphoid cell ­
associated: EBV with B cells and HVS with T cells. There is 
no question that the ability of these viruses  to efficiently 
transform (or immortalize) lymphocytes, together with their 
radically different genome structure, sets them apart from the 
other herpesvirus groups. There is a natural tendency to think 
oft he multicopy, episomal state of the viral genomes in B or T 
cells as their equivalent of the latent state in neurons for HSV, 
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etc. However, cyclical shedding of EBV from the nasopharynx 
and the rarity of producer lymphoid cell lines raise the suspicion 
that some other truly latent interaction with salivary gland, 
lymph node, endothelial cells, or even nervous tissue should 
still be considered a possibility. 
The genome of Herpesvirus saimiri was the first DNA mol­
ecule of this group to be characterized in a structural sense, 
having been shown to consist of a 70% "light" (L)  component 
of 33% G+C content and a 30% "heavy" (H)  component of 
70% G+C content [20] .  Partial denaturation mapping and other 
studies revealed that the H component represented a multicopy 
tandem repeat of a 1200-bp sequence distributed essentially 
randomly at both ends of the L segment in a manner that 
created a population of partially circularly permuted molecules 
[21] .  Again, in a circular format (they exist intracellularly as 
supercoiled episomes [ 22 ] ) ,  HVS molecules appear to possess a 
long unique segment and a single 30% segment composed of 35 
X 1200 bp direct tandem repeats in place of the HSV -type of 
invertible S segment. If  one assumes that each repeat unit 
contains a potential termination site, then the generation of 
the permuted termini can be easily envisioned. Some molecules 
were composed exclusively of the H repeat units, and these 
represented tandem-repeat defective genomes ( see below) . 
Epstein -Barr virus genomes are distinguished primarily by a 
set of up to 12 copies of a 3070-bp tandem repeat located 
internally at an approximately equivalent position physically 
to that of the internal inverted repeats in HSV and VZV [23-
25] . A second set of four to seven 540-bp tandem repeats exist 
at the termini (again in a ran domly permuted arrangement 
[26,27] ) ,  and two other sets of related 102 -bp and 125-bp G+C­
rich tandem repeats (known as the PstI and NotI repeats) are 
also found [28,29] . Other viruses closely related to human EBV 
in DNA structure and sequence homology occur in probably all 
the great apes as well as in the African green monkey, cynom­
olgous, and other old world simians [30] . Herpesvirus ateles of 
owl monkeys (HV A) is physically closely related to HVS but 
shows relatively weak sequence homology [31] . No virus equiv­
alent to HVS has been reported from humans or any other old 
world monkey species,  and the reciprocal observation applies 
to EBV in new world monkey species. A lymphotropic herpes­
virus of cottontail rabbits, Herpesvirus sylvilagis is known, 
whose genome apparently contains short tandem repeats such 
as those of HVS but located internally as well as at the termini 
of the DNA molecules (P Sheldrick, personal communication) .  
THE CYTOMEGALOVIRUS GROUP 
Members of the cytomegalovirus group ("salivary gland" 
viruses) have been reported from humans, old world and new 
world simians, and equine, murine, and other rodent species at 
least. They exhibit common features of large intranuclear ex­
clusion bodies, slow growth (usually confined to diploid fibro­
blasts of the host species in culture) ,  and no clearly defined 
associated clinical disease state , except in immunocompromised 
individuals. They clearly persist in a latent form, but an asso­
ciation with any particular body site or cell type has not been 
established (although some authors have suggested monocytes) . 
Mosmann and Hudson [32] and Geelen et al [33] originally 
recognized that infectious cytomegalovirus genomes are consid­
erably larger than those of other herpesviruses.  The partial 
denaturation mapping studies by K ilpatrick and Huang [34 ]  
suggested some form of "invertible" structure, but it was  not 
until restriction enzyme site mapping and electron microscopy 
of reannealed single strands were carried out that the structure 
became clear [35 ] .  Surprisingly, except for the 50% size in­
crease, to 240-kb for human CMV, the overall invertible L and 
S segment organization is remarkably similar to that of HSV. 
The S segment inverted repeats are small relative to those in 
HSV, and the L segment inverted repeats are quite variable in 
size and sequence among different strains of human CMV. 
Detailed physical and restriction maps of the genome are avail ­
able [ 35-38 ] .  Eberling et al [39] observed that new world 
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monkey CMV (Herpesvirus aotus) also resembles HSV and 
HCMV in structure, although the L segment inverted repeats 
are relatively short. However, at least one old world monkey 
CMV genome, CMV (Colburn) ,  and possibly also equine and 
murine CMV genomes apparently do not share this feature 
[35,40,41]. Physical maps of CMV (Colburn) were constructed 
in 1978 and revealed a simple, linear, noninverting structure of 
230 kb in size. CMV (Colburn) was originally reported to be a 
human isolate, but its DNA hybridizes extensively to African 
green monkey CMV DNA and only slightly to that of human 
CMV isolates [42,43]. Subsequently, we have shown that por­
tions of CMV (Colburn) DNA also hybridize weakly with a 
number of old world simian CMV DNAs, including SA6, ma­
caque CMV, rhesus CMV, and human CMV (K-T Jeang, R 
LaFemina, and G Hayward, manuscript in preparation )  and 
that its restriction enzyme cleavage pattern clearly establishes 
this virus as African green monkey in origin. The possibility of 
very short inverted repeats encompassing segments that do not 
invert cannot be ruled out, but the physical structure is  clearly 
vastly different from that of human and new world monkey 
CMV. Intriguingly, CMV (Colburn) possesses a small segment 
of DNA containing three sets of 15 to 22 alternating (CA) ­
dinucleotides that exhibit massive hybridization with mam­
malian cellular DNA [44]. This segment appears to be captured 
from a cellular genome and occupies almost exactly the location 
equivalent to the L/8 joint region in human CMV. 
COMPARISON OF HSV-1 AND HSV-2 
The genomes of HSV-1 and HSV -2 are,  of course, very closely 
related in structure and sequence [45,46]. Throughout the L 
segment there appears to be almost complete equivalence in  
location of homologous sequences and functions (and only  in  
the  8 unique region is there any significant size difference) .  
The positions of the US/UL junctions remain tightly conserved 
between the two genomes (J L Whitton and J B Clements, 
personal communication) . 
Current evidence suggests near perfect equivalence in the 
locations of genes, polypeptides, and functions across the gen­
omes of HSV -1 and HSV -2 .  Detailed differences that have been 
noted occur within (1) the terminally redundant a sequences, 
which do not cross-hybridize between HSV-1 or HSV-2 and 
were later shown to differ significantly in nucleotide sequences 
[47], (2) The 8 segment unique region, which is larger by 
approximately 3 kb in HSV -2 compared with HSV -1 (it remains 
to be seen whether or not this represents an additional gene ) ,  
(3) the  glycoprotein C region at  around 0.65 map units, which 
apparently encodes a 110 K glycoprotein in HSV-1 but only a 
75 K serologically poorly cross-reacting species in HSV -2. Two 
genes whose sequences have been compared directly illustrate 
the extent of divergence. In one case , that of the thymidine 
kinase genes, the coding regions differ by nearly 30% in nu­
cleotide sequence, with almost equal mismatching in the first 
two codon positions as in the third; however, portions of the 
TK promoter sequences are 90-95% homologous [48-50]. Ex­
cept for the 8 and L inverted repeat regions, which hybridize 
very poorly between HSV -1 and HSV -2, the TK gene sequence 
represents one of the points of lowest homology according to 
hybridization studies with cloned probes. In  the gene for the 
38 K delayed-early nuclear antigen (probably a component of 
the ribonucleotide reductase enzyme) , the sequence divergence 
is generally only 10% except at the 5' end of the coding 
sequence and within a relatively large intergenic region at the 
3' end where sequence matching is  poor [ 51-53] . 
INTER- AND I NTRASTRAI N  HETEROGENEITY 
IN HSV 
The two subtypes of HSV were originally c lassified as those 
which gave facial lesions (HSV-1) or those which gave genital 
region lesions (HSV-2) .  The two could be distinguished with 
some degree of accuracy by plaque-morphology, a slight differ­
ence in DNA base composition, and sophisticated serologic 
Vol. 83, No. 1 Supplement 
analysis. However, early restriction enzyme analysis revealed 
that several standard "HSV -2" genital isolates being used in 
some laboratories were in fact HSV -1. An extensive analysis of 
approximately 100 laboratory strains and fresh isolates (some 
shown in Hayward et al [ 5 ]  revealed that all separate isolates 
fell  unambiguously into either the HSV -lor HSV-2 group, that 
all isolates from unrelated patient sources can be distinguished 
from each other because of restriction enzyme cleavage site 
variability (or polymorphism) , and that the variability observed 
among laboratory strains was equally extensive among fresh 
isolates. Even a strain such as HSV (Schooler) , previously 
claimed to be part type 1 and part type 2,  was clearly shown to 
be a typical HSV-1 virus. At that time (1975),  many stocks of 
laboratory HSV isolates were often found to contain large 
proportions of tandem-repeat-defective genomes, which com­
plicated previous attempts at classification. Subsequently, 
many viable heterotypic recombinant viruses that are hybrids 
between HSV-1 and HSV -2 were generated by genetic selection 
procedures in several laboratories [54,55], but a true natural 
"intermediate" strain has never been found among fresh patient 
isolates. 
The rapid, small -scale 32P-Iabeling and PEG precipitation 
techniques that we had developed for these "DNA fingerprint­
ing" assays were later published in Morse et al [54] and used 
by Buchman et al [56]  for examining the pattern of virus 
transfer in several hospital miniepidemics. One very important 
caution is  needed when using restriction enzyme analysis for 
strain identification. The variability observed among different 
isolates arises by two distinctly different mechanisms: first, 
true additional or missing cleavage sites representing muta­
tional change and evolutionary divergence, and second, natural 
clonal heterogeneity usually localized to within the inverted 
repeats or the repeat/unique junctions [5,57,58). The cleavage 
site differences are invariably valid measures of nonrelatedness 
among different isolates, but the terminal fragment heteroge­
neity usually represents clonal variability within a single pop­
ulation and must not be confused with evidence for nonrelat­
edness. Again, two different forms of terminal heterogeneity 
need to be distinguished. The first represents a consistent 
imbalance in the number of copies of the terminally redundant 
a sequence (usually 400 bp in size) among different molecules 
in a single population. All daughter clones persist in displaying 
this "split-end" heterogeneity at both L segment terminals (i.e . ,  
internal and external copies) , in which molecules with one, two, 
and three copies of the a sequence occur in ratios of approxi­
mately 9:3:1. This feature is illustrated in the RamHI digest 
shown in Fig 2, R. The size of the a segment varies in some 
strains, but the phenomenon is invariant in all strains that we 
have examined when grown in HEp-2 or Vero cells. 
In contrast, the clonal heterogeneity is revealed by compari­
son of the DNA yielded from separate isolated virus p laques 
derived from a single apparently uniform virus population. In 
our experience, many virus stocks, even after passage at low 
multiplicities of infection, yielded heterogeneous progeny. The 
diagram in Fig 3 illustrates an example discovered while the 
DNA of HSV -l(MP) strain was being mapped with the enzyme 
HpaI. The original viral DNA gave a lightly staining smear in 
the 2 .3 to 2.6 X 106 molecular weight region of the agarose gel ,  
but each of the daughter plaques revealed two sharp bands of  
variable size in this region. Subsequently, we proved that these 
two bands (HpaI -N and HpaI-P) encompassed the L-unique/ 
repeat junctions, one on each side of the L segment. Other 
strains disp layed similar clonal heterogeneity within or adja­
cent to the 8 segment repeats; an example of this is shown in 
Fig 4, A for HSV-2 (333), in which three subclones from the 
same low multiplicity passaged stock yielded terminal hetero­
geneity as great as that observed between different strains or 
isolates. Subclone 6 possesses 800 bp more than does subclone 
5 on one side of the 8 segment and 600 bp more on the other 
side, whereas it contains 500 bp more than clone 7 on one side 
of the 8 segment but is equal in size on the other side. 
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o FIG 3. Clonal heterogeneity at the L­
segment unique/repeat junct.ions  in 
HSV-l(MP) DNA. A, A representative 
autoradiograph of 32P-Iabeled HSV­
l(MPc1l4) DNA after HpaI digestion 
and agarose gel electrophoresis, B, Dia­
gram illustrating HpaJ digests of the first 
18 plaque-purified subclones from the 
parent HSV-l(MP)  virus used for con­
structing HSV - 1 restriction site maps.  
The HpaJ N and P fragments differ in 
every subclone. However, the proportion 
of molecules possessing an extra a se­
quence at the Lend ( HpaI Ll and L2, 
double arrows) remains constant in all 
subclones. The positions  of all terminal 
fragments in the HpaI digest ( two differ­
ent half-molars HpaJ D and G at the S 
end and two identical half- molars HpaJ 
Ll and L2 at the L end) are indicat.ed by 
asterisks. C, Lambda exonuclease­
treated DNA (2% digestion ) after HpaI 
cleavage. Terminal fragments are those 
missing from the pattern after this treat­
ment (arrows). D, Comparison of the 
HSV-l(MPcJ20) pattern with that of 
two other HSV -1 isolates. Arrow denotes 
the heterogeneous L termini. 
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FIG 4. Clonal heterogeneity in the S 
segment and development of class I de­
fective repeat DNA in HSV -2(333). A, 
Autoradiographs of BglII  and EcoRI di­
gests from three separate freshly plaque­
purified subclones of HSV -2 ( 3 33) virus 
illustrating heterogeneity between the 
inverted repeats in the original popula­
tion. Open circles indicate the half-molar 
terminal fragments from one end of the 
S segment ( BgllI M and EcoRl K), and 
open triangles denote terminal frag­
ments representing the other end of the 
S sequence (BglII  K and EcoRI M ) .  B ,  
Autoradiograph comparing ReaR I di­
gests of HSV -2(333c 16) D N A after serial 
passaging at high multiplicities of infec­
tion. A 1O.5-kb EcoRI tandem repeat 
unit ( arrow) appeared by passage 5 and 
became abundant at passage 12. 
L­
end� 
N­
p-
A 
MPcl- 4 
C 
G 
I 
J 
" 
L 
Q 
N 
0 
P 
HSV CLINICAL ISOLATES 
6. 
0 
u 
v 
w 
A 
0 
8g1 II 
Similar clonal heterogeneity is displayed also by HSV clinical 
isolates. Figure 5 shows virus from six different lesions spread 
over the body of an immunosuppressed transplant patient. Her 
initial outbreak was genital,  but at. the secondary sites, three 
yielded HSV -1 viruses with essentially identical XhoI cleavage 
patte rns, another differed only by a large increase in the size 
of an S repeat fragment (lane 5 ) ,  and two others yielded viruses 
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with slight size increases in the S repeat region.  Otherwise, all 
six isolates contained identical cleavage patterns for the en­
zymes EcoRI, HindIII, BglII, BamHI, SaLI, BstEll, and XhoI, 
indicating unequivocally that they had a common origin. 
In Fig 6 we present DNA fingerprint profiles of viruses 
recovered from several bone marrow transplant recipients who 
were receiving prophylactic acycloguanosine therapy but devel­
oped lesions containing acycloguanosine-resistant virus. Each 
DNA pair represents both the sensitive virus isolated before 
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therapy and the resistant virus recovered from the same patient 
during treatment ( [59) and R Ambinder, W Burns, and G 
Hayward, unpublished).  In patients 2, 4, and 5, the sensitive 
and resistant isolates were clearly related and have common 
cleavage site variations (both isolates from patient 2 ,  for ex­
ample, lacked the HindUI J-O site ) ,  but in each case, consid­
erable differences were displayed within Land S segment 
terminal fragment.s. In contrast, the resistant viruses in pa­
tients 3 and 6 showed major cleavage site differences and could 
not be related. Interestingly, in patient 6,  a subsequent acyclo­
vir-sensitive virus from a recurrence occurring long after ther­
apy was discontinued proved to be identical to the original 
sensitive virus, even though the intermediate resistant virus 
was different (see 6S1 and 6S2 with EstEll) . These findings 
would be consistent with the general beliefs, based on animal 
st.udies, that acycloguanosine-resistant mutants (being thymi­
dine kinase-negative) cannot establish latency and that acyclo­
guanosine treatment, although effectively preventing outbreaks 
of sensitive virus, does not cure them from the latent state. 
A summary of major clinical observations about herpesvi­
ruses obtained by DNA fingerprint analyses of this  type is 
presented in Table I .  
TANDEM-REPEAT-DEFECTIVE DNA 
Passage of HSV at high multiplicities of infection often leads 
to the generation of virions containing variant noninfectious 
Xhol 
<l <l 
1 2 3 4 5 
FIG .5. Clonal heterogeneity among HSV - 1 isolates from multiple 
sites in an immunosuppressed patient. The autoradiograph shows Xhol 
cleavage patterns of :l2P-labeled virion D NA isolated by the small-scale 
PEe procedure from infect.ed Vero cells. Clinical isolates were grown 
initially at the Johns Hopkins Virology Laboratory after inoculations 
of MRC-5 cell cu ltures .  Lane J, 1233, throat swab. Lane 2, 1248, skin 
infection (thumb) . Lane 3. 1265, conjuctivitis. Lane 4, 1299, perirectal 
ulcer. Lane 5, 1231, urine. La ne 6,1232, genital vesicle. Arrows indicate 
three different sized variants of an Xhol fragment referred to as H 
(heterogeneous).  Otber cleavage patterns indicated that the heteroge· 
neity resided primarily in the S-repeats, but that other minor hetero­
geneity also occurred at other locations. 
BamHI 
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FIG 6. Representative cleavage patterns of pairs of acycloguanosine 
sensitive and resistant HSV -1 isolates from six bone marrow transplant 
patients receiving immunosuppression and prophylactic ACe therapy. 
Differences between initial ACes isolates and subsequent ACeR iso­
lates in patients 2, 4, and 5 proved to be c lonal variants only, whereas 
those between the two isolates in patients 1, 3, and 6 revealed infection 
with different viruses. In patient 6, a further ACeS isolate (6S2)  
obtained long after the  therapy and immunosuppression were discon­
tinued proved to be a clonal variant of the original ACeS isolate ( 6S1) 
and quite different from the intermediate ACeR isolate (6R).  
genomes. These defective particles can be perpetuated in the 
following virus generations because at high multiplicit.ies the 
remaining infectious wild-type genomes provide "helper" func­
tions (virion components and packaging machinery, etc.) for 
any defective genomes that enter the same host cell .  The 
defective genomes logically only require retention of the nec­
essary cis functions, such as replication origins and sequence­
specific packaging signals, plus some way of satisfying "head­
full" requirements [60). The existence of variant HSV -defective 
genomes that banded at higher than usual densities in CsCI 
gradients was first recognized by Bronson et  al [61), who also 
showed that the presence of these forms exhibited a cyclic 
pattern during passaging typical of the von Magnus effect 
observed with defective genomes of many other viruses [62). 
Subsequently, Wagner et al [63) and Hayward et al [ 5 ]  recog­
nized that the defectives consisted of very low sequence com­
plexity components probably representing tandemly repeated 
structures. Confirmation that a particular population of defec­
tives consisted of up to 20 direct tandem repeats of an 8-kb 
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TABLE I. Summary of clinically relevant observations resulting from 
the use of "DNA fingerprinting" by restriction enzyme analysis in 
herpesviruses 
1. Showed that all HSV isolates fal l  into one or other of the two quite 
distinct subgroups, HSV - 1  and HSV-2. No intermediate forms are 
found in nature. 
2. Confirmed that greater than 10% of gen ital isolates are HSV- 1 
rather than the expected HSV-2 subtype. This provides the most 
definitive way to "type" an HSV isolate. 
3. Demonstrated the reality of long-term latency-two HSV -1 isolates 
recovered from facial lesions in the same patient 10 years apart 
were identical. 
4. Gave definitive evidence for transfer of identical HSV virus from 
mother to child, wife to husband, and patient to nurse, etc . in 
hospital miniepidemics. 
5. Revealed that in some rare instances a patient can be infected with 
two different HSV isolates of the same subtype. 
6. Revealed that most ACGR HSV infections in immunosuppressed 
patients are derived from previous ACGs strains, although not all .  
7. In the case of VZV, gave definitive evidence that zoster (shingles) 
and varicella (chicken pox) are caused by the same viral entity.  
8. Showed that at least one unusual human CMV isolate is of African 
green monkey origin.  ------ ---'"-----------------
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FIG 7. Genomic locations of the repeat units retained in tandem ­
repeat-defective DNA populations generated by serial passaging of 
HSV -1  and HSV -2 viruses. Solid bars indicate the mapped boundaries 
and approximate relative abundancies of different related repeat units 
in each population studied. Note that individual DNA molecules usually 
contain a single type of repeat unit and are not m ixtures, indicating 
that the "replicating concatemers" are probably not generated by 
recombination events but rather by rolling-circle mechanisms. The 
boundaries of oriL and oris defined by the minimal common areas in 
the two classes of repeat units are shown as hatched bars. The popu­
lation in HSV-l(Justin)  p14 was described by Frenkel et al  [64, 65J 
and that in HSV - 1 ( Patton)  p 1,5 by Graham et al [67J. Some of the 
others were described in Ciufo and Hayward [60J.  
(5%) component of HSV-l DNA was provided by partial den­
aturation mapping and restriction enzyme analysis of isolated 
"full-sized" defective genomes that were resistant to cleavage 
with the HindIII enzyme [64]. Sail digestion of this particular 
population (class I )  revealed that it consisted of at least three 
separate repeat units that were shown by hybridization to be 
derived predominantly from the inverted-repeat sequences at 
the extreme right-hand terminus of the S segment of the parent 
HSV -I DNA molecule ( map coordinates 0.83-0.88 or 0.95-
1 .(00) [64,65] . The high G+C content of the S repeat region 
[5,6,60] therefore accounts for the tendency of this form of 
tandem-repeat DNA to give distinct high-density bands in  CsCI 
buoyant density analysis. 
Subsequently, we recognized a second class of tandem-repeat­
defective DNA in a high-passage population of strain HSV­
l(MP). It again represented an 8-kb segment of the viral 
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genome that was tandemly repeated approximately 20-fold in 
the packaged virion form. However, the bulk of this sequence 
was derived from between 0.385 and 0.437 map units, and this 
class II type of defective DNA repeat unit did not possess an 
unusually high G+C content. Several hundred base pairs at the 
novel junction in each copy of the repeat unit were derived 
from the right-hand terminus of the parent genome and pre­
sumably therefore contained packaging recognition signals 
(60). A diagram summarizing the map locations of defective 
repeat units from all the populations that we have generated 
and in comparison with early work of other groups is presented 
in Fig 7. All fall into either the class I or class II category, 
although we have never obtained defectives of both types from 
anyone strain. The smallest class II repeat unit observed was 
approximately 1500 bp in size. We originally predicted that the 
defectives define two distinct replication origins in HSV which 
we referred to as oris and ori!. [ 68 ] ,  and recent elegant experi­
ments have directly confirmed the existence and precise loca­
tion of ori., within the S segment inverted repeats (69). A 
consistently occurring deletion within all phage lambda and 
plasmid DNA clones that we have constructed that contain 
wild- type or defective DNA sequences from near 0.4 in the 
HSV-l or HSV-2 genome (even when grown in recA- bacterial 
hosts) has also implied that some unusual large palindromic 
feat ure may exist in the DNA near or at the oril site. 
Usually: at the early stages of accumulatio� of defective 
genomes, multiple forms of repeat units appear, but these 
populations rapidly evolve until only one or several closely 
related and stable species predominate. The exact nature of 
their replicative advantage over other forms and over the wild­
type genomes they displace is not clear, but in several instances 
we have obtained populations in which defectives appeared 
MPa20 
BamHI 
-
P 
u 
FIG 8. Extreme overabundance of tandem-repeat class II defective 
DNA at passage 20 of an HSV - 1 (MP)  virus population. Wild-type 
"helper" virus fragments are those at the higher-molecular-weight 
positions in the gel (on the left ) .  The homogeneous 7 .8-kb L-segment­
defective repeat units are c leaved into three fragments by BamHI: the 
standard species BamHI U and P and the novel joint fragment denoted 
by an asterisk. This population was passaged 16 times in Hep-2 cells 
followed by 4 passages in Vera cells. The diagram represents a micro­
densitometer tracing from an autoradiograph of 32P- labeled virion 
DNA. 
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FIG 9. Representative drawings of BamHI digests from 10 different 
primate cytomegaloviruses. The patterns indicate both the enormous 
differences and relatedness of six different human isolates, three of 
which are common laboratory strains. The other three are fresh HCMV 
isolates from renal  allograft patients that have been adapted to growth 
in cu ltured human diploid fibroblasts. These fresh isolates ( 7 5 1 ,  4 3 1 ,  
a n d  .583) were obtained courtesy of W Gibson a n d  R Saral ,  of Johns 
Hopkins School  of Medicine.  Three separate groups of simian CMV 
DNAs are also i l lustrated and compared with the putative human 
isolate CMV( Colburn ) ,  which is closely related to African green monkey 
isolate GR27.57.  Simian CMV isolates were obtained from Eng-Shang 
Huang (University of North Carolina) ,  Richard Haberling ( South-West 
Primate Research Center, Texas ) ,  and Bernard Fleckenstein ( Erlangen,  
West Germany ) .  
within only :3 to  4 passages of a newly plaque-purified stock in 
Vero cel ls .  Figure 8 illustrates the extraordinary extent of 
predominance achieved by the original HSV -l (MP) class II 
repeat unit in  a virus population at twentieth passage. Beyond 
this point, the proportion of "helper" wild-type genomes be­
comes so low that very few cells become productively infected 
and the majori ty of the defective molecules are suddenly lost, 
leading to the initiation of another cycle of accumulation of 
defective genomes. Biologically, the defective particles interfere 
with the replicative cycle of wild-type genomes [62 ,64 ] ,  and 
they frequently overproduce either the IE 1 75 K protein (class 
1)  or the 128 K major DNA-binding protein (class II) [70] . 
Their role, if any, in vivo in l imiting the spread of lesions, for 
example ,  is unknown. 
CMV STRAIN DIFFERENCES AND 
H ETEROG ENEITY 
The cytomegaloviruses are extraordinary for their degree of 
evolutionary divergence. In addition to the two quite different 
structural organizations observed and the fact that the genomes 
of humans, rhesus monkeys, African green monkeys, snd owl 
monkeys cross-hybridize only weakly , we and others [ ':" 1 ]  have 
observed that unrelated isolates from any one species differ in 
at least 40% of t heir 6-bp restriction enzynE sites .  
leading to a calculation of at least 5 % SeOI.K llC8 ciif;''' < �LC'2'' 
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( 10,000 bp i among human CMV isolates compared with 0.8% 
for different HSV -1 isolates and probably considerably less 
than that for H SV-2 ,  EBV, and VZV isolates.  An interpretative 
drawing of BamHI patterns for 10 different human and primate 
CMV DNAs is illustrated in Fig 9. The similarity and differ­
ences among all authentic human isolates and the relatedness 
between CMV (Colburn)  and CMV (GR2757) are readily ap­
parent. 
Different HCMV laboratory s trains also differ extensively in 
the size and sequence of their L segment inverted repeats and 
in the details of the L segment terminal heterogeneity. All three 
HCMV strains that we have studied and mapped in detail 
(Towne, Davis, and AD 169) display "split-termini" or "add-on 
heterogeneity" at both ends of the S segment. A pattern in 
which molecules with one, two,  or three copies of a 600-800 bp 
a sequence occur in a ratio of approximately 1:6:3. An extra 
copy of presumably the same a sequence also occurs at the L 
segment termini in approximately 10% of the molecules. In 
strain CMV ( AD 169) ,  but not  i n  CMV (Towne) o r  CMV 
(Davis) , another variable-copy, tandemly repeated sequence 
near the terminus (perhaps a component of the a region) creates 
a "ladder" pattern of up to 20 different sized terminal fragments 
that increase in size by 250-300 bp size increments (Fig 10) .  
A t  the L unique/repeat boundaries w e  originally showed that 
CMV (Davis)  lacks as much as 3000-5000 bp relative to the 
sequences present in CMV (Towne) [35 ] .  Pritc hett [72 ]  also 
revealed several smaller differences elsewhere between CMV 
(AD 169) and CMV (Towne) . We have since observed that large 
sections of sequences adjacent to the L repeats of CMV (Davis) 
consist of nonhomologous sequences relative to the CMV 
(Towne) . A comparison with CMV (AD 169) also shows a more 
modest version of this phenomenon. Indeed it seems that each 
of the three strains contains different  sequences in this region 
and that probes unique for each strain may be possible. Oth­
erwise, according to the results from hybridization with cloned 
probes, the bulk of the L unique regions (95 % )  of these three 
viruses contain near-homologous sequences, and we find no 
evidence whatever for the intragenomic rearrangements pro­
posed by others. 
Within the immediate-early region of HCMV (0.74-0.76) 
[ 73] , the three laboratory strains studied match closely in 
cleavage site patterns, but remarkably, although simian CMV 
(Colburn )  does not possess an invertible L/S structure ,  the 
IE94 gene maps at an exactly equivalent position in that 
genome also (0.71-0.73) (K-T Jeang, T Lietman, and G S 
Hayward, manuscript in preparation) . The major IE genes of 
human and simian CMV are also transcribed in the same 
orientation ( from right to left) and possess a similar complex 
spliced structure. Hybridization between cloned immediate­
early region fragments from CMV (Colburn) and CMV (Towne) 
did not reveal significant or convincing homology, even under 
nonstringent conditions. However, direct sequence comparison 
of portions of these two genes reveals extraordinary conserva­
tion within the promoter regions and in upstream palindromic 
sequences (K-T Jeang, C Quinn, and G S Hayward, manuscript 
in preparation; M Stinski ,  personal communication) .  In addi­
tion,  monoclonal antibodies derived against the HCMV IE68 
protein cross-react in immunofluorescence assays with the IE94 
protein. Therefore, there is l ittle doubt that the IE regions at 
0.7 in HCMV and SiCMV represent evolutionary conservation 
at colinear positions. This provides a basis  for proposing that 
the L segment orientation used in the CMV (Towne) and CMV 
(Davis) maps is  a more logical and rational choice for a prot.o­
type CMV genome orientation than is the opposite one used by 
some authors for CMV ( AD 1 69 ) .  
Defective genomes of CMV appear to be of a quite different 
nature than those of HSV. Prior to the infectivity assays of 
Geelen et al [3:3 ] , the size of these genomes had been assumed 
to m atch that of the bulk of the DNA in virion preparations, 
U ,:2. approximately 150 kb. However, the infectivity and electrof' 
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FIG 10. Extensive terminal heterogeneity i n  human cytomegalovi­
rus DNA. The diagram shows an auto radiograph of HCMV (AD169)  
DNA on a Southern blot  after hybridization with a 32P- labeled plasmid 
clone containing the BamHI H "joint" fragment (pRLS) from 
HCMV(Towne) DNA. The hybrids formed represent all fragments 
containing S and L inverted-repeat sequences, including the L/ S-joint 
fragments, the two different half- molar S-segment termini  and two 
identical (and therefore molar)  L-segment termini .  Both the S- and L­
end fragments display " ladders" indicating variable copy numbers of 
tandemly repeated sequences. Both the internal and external termini  
of  the CMV(AD 1 70 )  L segment display a " ladder" of  up to 20 additional 
250-bp repeats, but this is n ot seen in  most other HCMV isolates. 
microscopic partial denaturation studies [ 34)  revealed that a 
usually minor population of molecules of 220-240 kb repre­
sented the true intact CMV genome, and restriction enzyme 
analysis of low multiplicity passaged, defective-free populations 
confirmed the total genome size of 240 kb for human CMV. 
Populations of HCMV deliberately passaged at high multiplic­
ities of infection rapidly developed the 150-kb defective genome 
forms and proved to have minor alterations in the size of 
BamHI C fragment and several EcoRI species but no other 
obvious characteristics by cleavage analysis ( [ 74) and R La­
Femina, R Pritchett, and G Hayward, unpublished) . On bal­
ance, we believe that the 150-kb noninfectious molecules rep­
resent a randomly permuted collection of fragments derived 
from the 240-kb form and that the increased size of the BamHI 
C fragment represents an  unrelated genomic alteration, but  a 
complete study of the structure of CMV defectives has not been 
carried out. In our experience, many of the laboratory stocks 
of both CMV and VZV that we have examined were heavily 
contaminated with both myoplasma and defective genomes. We 
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stress that any meaningful studies on the molecular biology of 
these viruses requires careful attention to passaging of master 
stocks at low multiplicities of infection and the use of both an 
initial virus inoculum and host diploid fibroblast cell cultures 
that are mycoplasma-free. 
STRAIN VARIABILITY IN EPSTEIN -BARR VIRUS 
Study of genomic strain differences in EBV had its origins 
in the idea that easily detectable DNA variations might help to 
explain the preponderance of different EBV -associated diseases 
in different parts of the world, e .g . ,  Burkitt's lymphoma in 
Central Africa ,  nasopharyngeal carcinoma in Southeast Asia, 
and heterophile-positive infectious mononucleosis in Western 
countries. The answer is negative, but several large variations 
do occur that excited interest and are still useful and important 
for researchers involved in mapping the gene functions in this 
virus. The strain EBV (B95-8) has taken the role of prototype 
primarily because of the relative ease of recovering virus from 
this cell line and its wide dissemination among molecular 
biology laboratories. The line was derived by transforming 
marmoset lymphocytes with virus from a mononucleosis  pa­
tient, which resulted in a rare high-producer cell line [ 75 ). 
Unfortunately,  this virus is unusual in possessing a large dele­
tion of some 15 kb within the L segment relative to most other 
isolates [ 76-78). The total size of the genome appears compen­
sated to some extent by an unusually large number of copies 
(probably 11) of the large internal 3070-bp repeat unit [25). 
Another isolate, P3HR- 1 ,  has also generated a great deal of 
interest because it  represents the only source of an EBV virus 
that is apparently incapable of "transforming" cord blood lym­
phocytes and also yields virus with the unusual property of 
inducing expression o f  EA and other antigens  on superinfection 
of EBV -positive or EBV -negative lymphoblast cell lines. Struc­
tural differences between EBV ( HR- 1 )  and EBV (B95-8) DNA 
were first revealed by Pritchett et al [79)  from buoyant density 
and shearing studies and in the initial restriction enzyme 
cleavage patterns reported by Hayward and Kieff [80). Raab­
Traub et al [81] later isolated sequences unique to HR-1 and 
B95-8 viruses and suggested that each contained unique se­
quences not present in the other. We now recognize that that 
is correct :  HR- 1 contains the region deleted in B95-8, and HR-
1 itself possesses a deletion of some 5600 bp adjacent to the 
large 3070-bp repeat unit, p lus fewer copies of the 3070-bp 
repeats themselves [ 28,82,83). However, the situation is even 
more complex because virus released from the HR-1 cells also 
contains variable amounts of heterogeneous defective DNA, as 
first became apparent in the partial denaturation maps of 
Delius and Bornkamm [76). Subsequently,  Heston et al [84) 
showed that defective-free HR-1 can be obtained by subcloning 
the HR- l  cells and that virus from this  source now does not 
induce EA expression.  Cho et al [85) have shown most con­
vincingly that the bulk of the defective genomes consists of 
three tandem repeats of a complex rearranged repeat unit 
derived from at least four different segments of the wild- type 
genome. Interest in the HR-l deleted region remains high 
because of the suspicion that something coded by this region is 
necessary for the ability of most EBV isolates to "transform" 
B-lymphocytes. The sequence boundaries of the HR-l deletion 
have been defined [86] , and the complete nucleotide sequence 
of the region will soon become available ( [87) and N Jones and 
B Griffin, personal communication ) .  Included in  the HR- 1 
deleted region is another set of tandemly repeated sequences, 
referred to as the NotI repeats ( 11 x 125 bp, 83% G+C content) . 
These repeats form part of an abundant 2 .5 -kb mRNA tran­
script made early after TPA induction and have partial homol­
ogy with another set of 25 x 1 02 bp repeats known as the PstI 
repeats [29). The PstI repeats map way over within the B95-8 
deleted region and are also part of an abundant early transcript. 
Even more astonishingly, the entire promoter region for these 
two transcripts, embedded in a sequence of approximately 900 
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bp, is duplicated almost exactly adjacent to the two sets of 
repeats [29] . Most EBV strains possess both copies of the DSR 
and DSL duplications, whereas HR- l possesses only the DSR 
(PstI R) copy and B95-8 possesses only the DSL ( NotI R)  copy. 
EBV strains shown to contain all the sequences deleted in HR-
1 or B95-8 include M-ABA [78] and W9 1 [77 ] . Either would 
make a better prototype strain than B95-8.  
A standard orientation for the genome of EBV has not been 
formally agreed upon.  We originally drew the IR repeats and S 
unique segment on the right for compatibility with other her­
pesvirus genomes following the agreement at the 1976 Cold 
Spring Harbor Herpesvirus meeting to draw the S segment of 
HSV and EA V on the right [88,68,25 ] .  However, the alignment 
of the electron micrographs by Delius and Bornkamm [76]  
turned out to be the opposite of this ,  and Given and Kieff [89 ]  
chose to present their restriction enzyme maps in an orientation 
that also turned out to have the S unique portion on the left .  
Subsequently, most other groups have followed the Given and 
Kieff orientation. The determination of the complete nucleo­
tide sequence of EBV and rapid progress with the other her­
pesvirus genomes now provide a potential opportunity to at­
tempt to match the alignments of all herpesvirus genomes (if 
sufficient homology persists) and to achieve a rational consen­
sus on standard and prototype orientations. 
HOMOLOGY WITH HOST CELL DNA 
A further extraordinary feature of herpesvirus genomes re­
lates closely to both the clonal heterogeneity and high G+C 
content. HSV and EBV in particular and CMV to a lesser 
degree exhibit homology to cellular DNA in certain kinds of 
hybridization assays. We first observed this phenomenon with 
CMV (Colburn) and subsequently also but at lower intensity 
with HSV and EBV. In each case, cleaved viral DNA on 
Southern blots gave strong hybridization signals with probes 
prepared from total genomic DNA from several mammalian 
species. A typical example with HSV-l  and HSV-2 DNA is 
shown in Fig 11 . The hybridization occurred only at a relatively 
small number of defined positions along the viral genome and 
at intensities indicative of moderately to highly repetitive copy 
numbers in the cell genomes. Hybrid formation was carried out 
under standard stringency conditions for mammalian cellular 
DNA and in the absence of carrier calf thymus DNA. Identical 
results were obtained with appropriate cloned viral DNA frag­
ments and in the reciprocal experiments with c leaved cellular 
DNA from almost any mammalian source on the blots [90 ] .  In 
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the latter experiments, each different cloned viral DNA probe 
containing a cell-virus homology site usually gave a quite spe­
cific and characteristic pattern of hybridization to cellular DNA 
fragments, ranging from a uniform signal throughout the gel  to 
between one or two and several hundred specific bands in the 
digest. A summary of the map locations relative to the BamHI 
map and of the relative intensity of hybrids formed with human 
and mouse cell DNA probes is presented in Fig 12 . Some of 
these cell-virus hybrids represent well-matched sequences and 
persist even after high-stringency washes, but if the experi­
ments are carried out at the extra high temperatures often 
employed for HSV /HSV hybridization and in the presence of 
denatured carrier DNA, they usually do not form. Therefore, 
the question of whether these hybrids represent real and sig­
nificant sequence homology or are artefacts of high G+C con­
tent is rather complex and probably has many different answers 
that are valid. One first has to consider that we can recognize 
at least three or four different types of cell-virus sequence 
homologies .  First is the repeated (CA)n  tracts found in CMV 
(Colburn) DNA [44] . The homology was in this case proven to 
be to highly abundant cellular (CA) "  and (GT) ', tracts and 
probably represents a recently acquired segment of cellular 
DNA. Despite the fact that this form of cell -virus hybridization 
represents perfect sequence homology ,  these sequences are 
embedded in low G+C-content DNA and melt at relatively low 
stringency. As expected, the presence of denatured calf thymus 
or salmon sperm carrier DNA abolishes the hybridization ob­
served because of matching homologous sequences in the carrier 
DNA as well. Second, the bulk of the cell -virus hybridization 
in HSV and EBV appears to closely correlate with short, 
tandem repeated G+C-rich sequences within the S repeats of 
HSV and within the BamHI K ,  W, and Y fragments in partic­
ular of EBV. The sequence and location of some of these viral 
repeated elements are given in Table II. Similar short ,  tandemly 
repeated sequences (again often G+C rich) appear frequently 
in introns and elsewhere in mammalian genomic DNA, and the 
accidental occurrence of exact or near matches in sequence is 
not difficult to imagine. In  essence, we would argue that these 
represent convergent sequence homologies that have no direct 
evolutionary relationship to one another. The functional sig­
nificance, if any, of short, tandemly repeated sequences is  
unknown. At present we recognize an extraordinarily close 
correlation between sites in viral DNA that ( 1 )  show clonal 
heterogeneity ( see previous sections ) ,  (2) exhibit strong cell­
virus homology,  and ( 3) contain multiple short tandem repeats 
of G+C-rich sequences. However, we emphasize that none of 
M o u s e  
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FIG 1 1 .  Hybridization between repet­
itive sequences in human and mouse cel l  
genomic D NA prohes and specific loci 
within the HSV- l and HSV-2 viral DNA 
molecules.  Conditions of hybridization 
in the absence of carrier cell DNA are 
described in Peden et al  [ 90 ] . Note that 
both the total human and total mouse 
DNA probes form hybrids with the same 
subsets of HSV DNA fragments but that 
they give different intensity patterns. 
Lane J,  HSV - 2 ( 3 3 3 ) ,  BglII .  Lane 2, HSV-
2 ( 3:33 ) ,  KPNI. Lane 3, HSV - 2 ( ,3 :33 ) ,  
EcoRI plus HindII I .  Lane 4 ,  H S V  - 2 ( 3:3 :3 ), 
BamEI.  Lane 5, HSV- l ( M P ) ,  BRIII  plus 
HindII I .  Lane 6, HSV- l ( MP),  EcoRI . 
Lane 7, H SV - l ( MP ) ,  Hpal .  Lane 8, 
HSV- l ( M ) ,  BamH I .  
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FIG 12.  Sum mary of the map locations of major cell-virus homology 
sit es in HSV -1 and HSV -2 DNA. Letters above the line refer to the 
HamHI fragment maps in the prototype L and S orientation. Additional 
fragments  usefu l  for delineating boundaries of the homology loci are 
indicated below tbe l ine .  Solid bars refer to fragments that gave positive 
results in hybridization assays with cellular DNA probes. The outside 
boundaries and relative intensities of hybridization at each site with 
either human or mouse DNA probes are drawn as hatched bars below 
t he appropriate map locations. 
TABLE II .  Short repeated elements in herpesvirus genomes that 
correlate with cell- virus homology sites 
Viral ciaBs ]: Ce l l abundance > 500,000 copies 
SiCMV (CA)",  (CAb, (CAb 
Viral class 2: 
HSV-l  
HSV-l  
HSV-l  
HSV-l  
EBV 
Cell  abundance 1000- 10,000 copies 
(GGCGGAGGAGGGGGGACGCGGG). 
( GGGGAGGAGCGG)8 
(CTGGGGCTGGGGAGGGh. 
(GAGGGGGCGAGGGGCGG)'2 
( GGGGCAGGA)80 
EBV (TGGTGGGGG ) "  
EBV ( GGGGCT)9 
SV40 (GGGCGGAGTTAGGGGCGGA), 
Mammalian cell DNA examples: 
Class I (CA l6-1SO 
Class II (GGCGGGATGGGCTGGGGA)5 
(GAGCTGGGG),oo 
(CGGGG ),o 
(ACAGTGGGGAGGGG),o 
Sal! P at 0.83 map 
units 
IE63/l2 intron 
Terminal redundancy 
( a )  
3 '  t o  IE175 gene 
3' to IE175 gene 
BamHI K EBNA cod-
ing 
BamHI Y 
BamHI H eading 
5' to T antigen 
Introns of -y-globin, 
actin, ')I-interferon, 
p rolactin, Ig varia­
ble region; 3' and 
5' flanking to "'. 
globin, 18S rDNA 
SV40 homologous 
Ig switch region 
Z-globin intron 
Z-globin intron 
these repeats has yet been directly proven to be the site of cell 
homology, that other sites of cell homology and heterogeneity 
(in the HSV L segment repeats and at 0.47 in HSV -2 )  have yet 
to be sequenced, and that other short tandem repeats that 
apparently do not exhibit cell-virus homology occur within a 
number of genes in EBV. Much less is known about the third 
and fourth classes of herpesvirus-cell DNA homology. A non­
significant form of hybrid formation by G+C-rich sequences 
has been alluded to by others, and we suspect that this also 
accounts for the uniform low-level homology that was detected 
throughout the HSV S segment inverted repeat DNA (K Peden, 
P Mounts, and G Hayward, manuscript in preparation) ,  which 
has a G+C content averaging 75% over several thousand base 
pairs (and reaching as high as 85% in places) . The fourth class 
represents possibly genuine single-copy-Ievel homology occa­
sionally detected between specific viral probes and single-copy 
unique sequence bands in cellular D NA ( see, for example, the 
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HSV-2 TK probe in Peden et aI, 1982 [90] ) .  Relative to the 
other cell-virus homology, this form gives extremely weak sig­
nals and is of unknown significance.  In our experience, the so­
called myc homology [91) between a portion of the avian v-myc 
oncogene and several sites in CMV (and also in HSV and EBV) 
falls into this same extremely weak signal category and could 
represent either one of the last two forms of homology. 
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